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Bone morphogenetic proteins (BMPs) are members of the transforming growth factor  superfamily signaling molecules that
play important roles in a wide variety of developmental processes. In this study, we have used an antibody specific for the
phosphorylated and activated form of Smad1 to examine endogenous patterns of BMP signaling in chick embryos during
early development. We find complex spatial and temporal distributions of BMP signaling that elucidate how BMPs may
function in multiple patterning events in the early chick embryo. In the pregastrula embryo, we find that BMP signaling is
initially ubiquitous and is extinguished in the epiblast at the onset of primitive streak formation. At the head process stage,
BMP signaling is inactivated in prospective neural plate, while it is strongly activated at the neural plate border, a region
which is populated by cells that will give rise to neural crest. During later development, we find a dynamic spatiotemporal
activation of BMP signaling along the rostrocaudal axis, in the dorsal neural tube, in the notochord, and in the somites
during their maturation process. We discuss the implication of our results for endogenous functions of BMP signaling during
chick development. © 2002 Elsevier Science (USA)
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Bone morphogenetic proteins (BMPs) are secreted signal-
ing molecules that belong to the transforming growth factor
 (TGF) superfamily. BMP ligands were initially identified
as regulators of bone formation (Urist et al., 1979; Wozney
et al., 1988), but subsequent analyses have suggested that
these ligands regulate a spectrum of developmental pro-
cesses throughout embryogenesis and organogenesis (re-
viewed in Hogan, 1996; Ducy and Karsenty, 2000).
In many species, BMP ligands have been implicated in the
establishment of germ layers and early embryonic axis
determination during gastrulation. In Drosophila, decapen-
taplegic, the invertebrate homologue of Bmp-2 and Bmp-4,
is required for the specification of the dorsoventral axis
during embryogenesis (Wozney et al., 1988; Lyons et al.,
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S. Faure and P. de Santa Barbara would like to dedicate this paper441991). In mouse, homozygous mutants of Bmp-4 and Alk3,
a TGF type I receptor for BMP-2 and BMP-4, present
profound disruption of early embryonic development with
the absence of mesoderm, suggesting that BMP activity is
required for mesoderm formation during murine gastrula-
tion (Winnier et al., 1995; Mishina et al., 1995). In Xenopus,
BMP signaling has been implicated in the ventral patterning
of germ layers and axis determination. BMP ligands induce
prospective ectoderm to form ventral mesoderm (Dale et
al., 1992; Jones et al., 1992; Dosch et al., 1997), and
inhibition of BMP signaling induces the formation of sec-
ondary axes (Graff et al., 1994; Suzuki et al., 1994; Hawley
et al., 1995; Frisch and Wright, 1998).
In chick, the process of gastrulation involves the forma-
tion of the primitive streak, which is first visible by stage 2
(Hamburger and Hamilton, 1951) as a thickening of the
posterior epiblast region due to the migration of epiblast
cells from the lateral region toward the center of the
embryo. At stage 3, the streak extends from posterior to
anterior. At the anterior tip of the primitive streak lies the
Hensen’s node, which is the avian functional equivalent of
the amphibian dorsal blastopore lip. Previous studies inves-
tigating the roles of BMPs during primitive streak forma-heir newborn son, Alexandre.
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tion have shown that addition of BMP-4-soaked beads to the
posterior edge of the area pellucida (embryonic epiblast)
before stage 2 inhibits primitive streak formation. More-
over, neither Bmp-4 nor Bmp-7 is expressed in the area
pellucida at the onset of primitive streak formation (Streit
et al., 1998). Taken together, these studies suggest that
inhibition of BMP signaling is a prerequisite for primitive
streak formation. During gastrulation, Hensen’s node dis-
plays a left–right asymmetry in Activin B, Activin recep-
tor IIA, and Sonic Hedgehog gene expression (Levin et al.,
1995, 1997). This asymmetry is necessary for left–right
patterning of the viscera. Several components of the BMP
signaling pathway have also been reported to be asymmetri-
cally expressed in Hensen’s node (Monsoro-Burq and Le
Douarin, 2000, 2001), suggesting roles for BMP signaling in
the early establishment of left–right asymmetry in the
chick embryo.
Ectopic manipulation of the BMP signaling strongly indi-
cates that these ligands participate in the dorsoventral
patterning of the neural tube (Dickinson et al., 1995; Liem
et al., 1995; Selleck and Bronner-Fraser, 1995) and in the
patterning of somites (Pourquie´ et al., 1996; Hirsinger et al.,
1997; Marcelle et al., 1997; Tonegawa and Takahashi, 1998;
Reshef et al., 1998). Somites appear as epithelial balls that
bud off from the presomitic paraxial mesoderm. Each newly
formed somite is patterned along the dorsoventral (D-V)
axis: ventral somite differentiates into sclerotome, which
gives rise to axial bones and cartilage. Dorsal somite differ-
entiates into dermomyotome, which gives rise to dermis
and skeletal muscles. The dermomyotome is also patterned
along the M-L axis into medial (M) and lateral (L) compart-
ments, which contain progenitor cells of epaxial muscles
(axial musculature) and hypaxial muscles (muscles of the
limbs and the body wall), respectively. Previous experi-
ments have demonstrated that grafts from BMP-4-
expressing cells placed between the neural tube and the
paraxial mesoderm lead to a strong down-regulation of
sclerotome-specific genes (Hirsinger et al., 1997). In addi-
tion, BMP-4 has been suggested to specify the hypaxial
muscle lineage (Pourquie´ et al., 1996). Taken together,
these studies suggest a role for BMP-4 in the regulation of
somite patterning along the D-V and M-L axes.
During later development, the expression pattern of BMP
genes has suggested roles for BMP signaling in many tissues
and organs where reciprocal interactions between epithelial
and mesenchymal cells occur. Activation of BMP signaling
is required for mammalian kidney, eye, and cardiac devel-
opment (Dudley et al., 1995; Luo et al., 1995; Zhang and
Bradley, 1996), and its roles in skeletal and limb patterning
in chick are well documented (Duprez et al., 1996; Jena et
al., 1997; Katagiri et al., 1998; Kim et al., 1998; Capdevila et
al., 1999; Merino et al., 1999). Roles for BMP signaling are
also suggested in both mesodermal and endodermal pattern-
ing during the development of the gastrointestinal tract
(Roberts et al., 1998; Smith and Tabin, 1999; Narita et al.,
2000; Smith et al., 2000) as well as in patterning organs
such as lung (Bellusci et al., 1996).
While the expression of genes encoding endogenous BMP
regulators as well as ectopic manipulation of BMP signaling
suggest multiple roles for this pathway in chick embryo-
genesis, these approaches are insufficient to identify when
and where BMP signaling is endogenously activated for a
number of reasons. First, the number of BMP ligands in
vertebrates is quite large (reviewed in Ducy and Karsenty,
2000) and systematic examination of the expression of the
full set of these ligands has not been done. Second, BMP
ligands may be regulated posttranslationally or may func-
tion as heterodimers, and therefore expression cannot nec-
essarily be equated with activity (Nishimatsu and Thom-
sen, 1998; Constam and Robertson, 1999). Third, the BMP
signals may be modified extracellularly by a complex net-
work of antagonists, activators of antagonists, and antago-
nists of antagonists, and neither the specificity nor range of
action of this network is understood sufficiently enough to
allow direct prediction of the spatial pattern of BMP signal-
ing from the expression of genes encoding these regulators.
To understand how BMPs can regulate complex patterns, it
is necessary to directly examine the pattern of BMP signal
activation during embryogenesis.
Pathway-specific Smad proteins have been identified as
intracellular transducers of the TGF superfamily ligands
(reviewed in Massague´, 1998; Whitman, 1998). Smad1/5/8
have been reported to specifically transduce BMP signals
(Graff et al., 1996; Thomsen, 1996; Suzuki et al., 1997;
Yamamoto et al., 1997; Chen et al., 1997), whereas Smad2
and Smad3 transduce Activin-like and TGF signals (Baker
and Harland, 1996; Eppert et al., 1996; Graff et al., 1996;
Macı´as-Silva et al., 1996). Upon BMP stimulation, Smad1/
5/8 are phosphorylated by BMP-activated receptors on the
last two serine residues of a carboxy-terminal SSVS motif
(Kretzschmar et al., 1997; Macı´as-Silva et al., 1998).
Receptor-phosphorylated Smad1/5/8 associate with Smad4,
a nonreceptor-phosphorylated Smad, and translocate into
the nucleus to regulate specific gene expression (reviewed
in Massague´, 1998; Whitman, 1998).
We and others have characterized antibodies that specifi-
cally detect receptor-phosphorylated Smad1/5/8, providing
a measure of activated BMP signaling (Persson et al., 1998;
FIG. 1. Anti-phosphoSmad1 antibodies specifically distinguish
activated Smad1 from activated Smad2 in chick embryos. Lysates
of stage 10 embryos were subjected to Western blot analysis with
either anti-phosphoSmad1 (-PSmad1), anti-phosphoSmad2 (-
PSmad2), anti-Smad1 (-Smad1), or anti-Smad2 (-Smad2) antibod-
ies. Smad proteins migrate between 55 and 60 kDa.
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Faure et al., 2000). These antibodies are specific to activated
Smad1/5/8 because they do not recognize phosphorylated
and activated Smad2 induced by Activin-like ligands. These
anti-phosphoSmad1/5/8 antibodies have been successfully
used in Xenopus to investigate the endogenous spatiotem-
poral activation of BMP signaling during early development
(Faure et al., 2000; Kurata et al., 2001) and in zebrafish to
examine the endogenous activation patterns of BMP signal-
ing in gastrula-stage embryos (Mintzer et al., 2001).
In this study, we use these anti-phosphoSmad1 antibod-
ies to investigate endogenous spatiotemporal patterns of
BMP signaling during chick embryogenesis, using immuno-
histochemistry of whole-mount embryos from stages prior
to primitive streak formation until stage 14 (Hamburger
and Hamilton, 1951). We discuss the significance of these
data with respect to the previously reported expression of
gene-encoding regulators of BMP signaling during chick
development and to current models of how BMP signals
participate in early patterning in chick.
MATERIALS AND METHODS
Embryos
Standard white leghorn fertilized eggs (Spafas, CT) were incu-
bated at 37°C in a humidified incubator (Kuhl, NJ) for specified
intervals before harvesting. Eggs were windowed, embryos were
removed into PBS, and extraembryonic membranes were manually
FIG. 2. Whole-mount immunohistochemistry with anti-phosphoSmad1 antibodies in chick embryos during primitive streak formation.
(A) Before primitive streak formation, Smad1 phosphorylation is detected throughout the entire extraembryonic (area opaca) and embryonic
(area pellucida) epiblast of the embryo. (B) Smad1 activity is extinguished at the site of primitive streak initiation (psi) in the caudal area
pellucida. (C) The Smad1-inactivated domain extends to the entire area pellucida during elongation of the streak. (D, E) After the primitive
streak has formed, Smad1 phosphorylation is redetected in the entire area pellucida by stage 3. Hn, Hensen’s node.
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removed while being viewed with an Olympus SZH10 dissecting
microscope. Embryos were staged (Eyal-Giladi and Kochav, 1975;
Hamburger and Hamilton 1951) and fixed in freshly made 4%
paraformaldehyde in PBS for further analysis.
Western Blot Analysis
Partial cDNA sequences of chick Smad1 and Smad5 have been
reported (Yamada et al., 1999; Gont and Lough, 2000). Comparison
analyses reveal 100% homology in the last seven C-terminal amino
acids of Smad1 between frog and chick. This region corresponds to
the sequence against which the anti-phosphoSmad1/5/8 antibodies
have been raised (Persson et al., 1998). The C-terminal sequence of
chick Smad5 has not been reported to date; however, this sequence
is identical between human and mouse (Gemma et al., 1998;
Yingling et al., 1996) and is likely to be conserved in chick.
Stage 10 chick embryos were homogenized (25 l/embryos) in
lysis buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 2 mM EDTA, 1%
Triton X-100, 25 mM -glycerophosphate). Lysates were centri-
fuged at 14,000g for 10 min at 4°C and mixed with 1 volume of 2
Laemmli buffer. Electrophoresis and anti-phosphoSmad and anti-
Smad Western blot analyses were performed as previously de-
scribed (Faure et al., 2000).
In Situ Hybridization
Staged embryos fixed for 4 h in 4% paraformaldehyde in PBS
were washed through a graded series to 100% methanol and stored
at 20°C until use. A previously published (Riddle et al., 1993)
whole-mount in situ hybridization procedure was followed with
minor adjustments; detection was performed by using BM purple
per manufacturer’s instructions (Roche Molecular Biochemicals).
Digoxigenin riboprobes were prepared as previously described
(Riddle et al., 1993). Probes for Noggin, Bmp-4, and Bmp-7 have
been previously published (Riddle et al., 1993; Roberts et al., 1995).
Immunohistochemistry
Whole-mount immunohistochemistry was performed by using
staged embryos fixed for 2 h in freshly made 4% paraformaldehyde
in PBS. Embryos were dehydrated through a graded series to 100%
methanol and rehydrated progressively into 75% methanol in PBT
[PBS  0.5% Tween 20 (Fisher Scientific, Inc)], 50% methanol in
PBT, and 25% methanol and were finally washed for 10 min in
PBT. Endogenous peroxidase was inactivated by a 1-h treatment in
fresh 1% H2O2 in PBS solution. After washing in PBT, embryos
were incubated 1 h with blocking solution (PBT plus 10% goat
serum) and then incubated overnight at 4°C with anti-
phosphoSmad1 antibodies at a dilution of 1:40 in blocking solution.
Embryos were then washed several times during 1 h and then
incubated with secondary antibodies (HRP-conjugated goat anti-
rabbit diluted 1:200 in blocking solution). After several washes,
staining was developed with an ImmunoPure Metal-enhanced DAB
substrate kit (Pierce), according to the manufacturer’s instructions.
Stained embryos were embedded in paraffin and cut into 10-m
sections. We followed the same procedure for whole-mount immu-
nohistochemistry with anti-Smad1/5/8. The anti-Smad1/5/8 anti-
bodies (Santa Cruz Biotechnology) were used at a dilution of 1:200
in PBT plus 10% mouse serum. In the competition experiments,
phosphoSmad and Smad peptides were added to the primary
antibody incubations at a final concentration of 2.5 g/ml. A total
of three to four embryos were examined for each embryological
stage that we have analyzed in this study, confirming the repro-
ducibility of the activation patterns of Smad1 that we observed by
whole-mount immunohistochemistry analysis.
Photography
Photographs of whole mounts were captured with NIH Image
software on a Kodak DCS420 camera attached to a Zeiss Axiophot
microscope. Sections were photographed through a Nikon micro-
phot FXA microscope by using a SPOT diagnostics RT color digital
camera and PhotoShop 5.0 software.
RESULTS
Specific Anti-PhosphoSmad1 Antibodies Detect
Endogenous Activated Smad1/5/8 in Chick
Embryos
To examine the endogenous pattern of BMP signaling
during early chick development, we first confirmed the
specificity of the anti-phosphoSmad1/5/8 antibodies on
chick embryos by two approaches. (i) By using Western blot
analysis (Fig. 1), we show that anti-phosphoSmad1 antibod-
ies previously characterized in Xenopus (Faure et al., 2000)
recognize a doublet in chick embryonic lysates; the same
doublet is also detected with anti-Smad1/5/8 antibodies,
but is not detected by the anti-phosphoSmad2 antibodies.
The anti-phosphoSmad2 antibodies, in contrast, recognize a
single band corresponding to activated Smad2 that migrates
at a different size from either of the anti-phosphoSmad1
detected bands (Fig. 1). (ii) By using immunohistochemical
analysis (see Figs. 3E–3G), we find that the signal detected
by the anti-phosphoSmad1/5/8 antibodies on chick stage 4
FIG. 3. BMP signaling is inactivated in the prospective neural plate at stage 4. (A) Whole-mount immunohistochemistry with
anti-phosphoSmad1 antibodies. Note that Smad1 is not activated in Hensen’s node and the prospective neural plate at this stage.
Whole-mount in situ hybridization showing the expression of Bmp-4 (B), Bmp-7 (C), and Noggin (D) on stage 4 embryos. (B) Higher
magnification of the area boxed in (B) showing the expression of Bmp-4 in Hensen’s node (see white arrow). (D) Highermagnification of the
area boxed in (D) showing the asymmetric expression of Noggin in the right side of Hensen’s node as indicated by white arrow. Note that
both Bmp-4 and Noggin are expressed in Hensen’s node at stage 4. (E) Anti-phosphoSmad1 staining detected on stage 4 embryos. (F)
Addition of phosphoSmad1 peptide antigen (-PhosphoSmad1  PSmad1 pept.) eliminates anti-phosphoSmad1 immunoreactivity. (G)
Addition of phosphoSmad2 peptide antigen (-PhosphoSmad1  PSmad2 pept.) at the same concentration does not affect anti-
phosphoSmad1 immunoreactivity. Hn, Hensen’s node.
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embryos is specific, since addition of phosphoSmad1 pep-
tide corresponding to the antigen against which anti-
phosphoSmad1/5/8 antibodies were raised eliminates im-
munoreactivity (compare Figs. 3E and 3F). Addition of the
corresponding C-terminal phosphoSmad2 peptide at the
same concentration does not affect the anti-phosphoSmad1
signal (compare Figs. 3F and 3G), confirming the specificity
of phosphopeptide inhibition.
These results demonstrate that the anti-phosphoSmad1/
5/8 antibodies specifically recognize endogenous activated
chick Smad1/5/8 and do not react with activated chick
Smad2. For simplicity, we refer to the endogenous BMP-
regulated Smad signal detected in chick embryos as phos-
phoSmad1 signal, even though endogenous chick Smad5
and Smad8 may also contribute to this signal.
Dynamic Patterns of Smad1 Phosphorylation
during Primitive Streak Formation in Chick
Embryos
Using anti-phosphoSmad1 antibodies, we examined the
endogenous pattern of BMP signaling during primitive
streak formation. At stages prior to the formation of the
primitive streak, Smad1 phosphorylation is observed
throughout the entire extraembryonic (area opaca) and
embryonic (area pellucida) epiblast of the chicken embryo
(Fig. 2A). By stage 2, Smad1 activity is extinguished at the
site of primitive streak initiation at the caudal margin of
the area pellucida (Fig. 2B). The Smad1-inactivated domain
then extends from the posterior to the anterior embryonic
epiblast during elongation of the streak, finally covering the
entire embryonic epiblast by stage 2 (Fig. 2C). The broad,
relatively even activation of Smad1 in the prestreak embryo
is roughly consistent with the expression pattern of Bmp-4,
which is detected throughout both embryonic and extraem-
bryonic tissues at this stage, but contrasts with the expres-
sion pattern of Bmp-7, which is expressed strongly in
extraembryonic tissues, but weakly or not at all in embry-
onic tissues (Streit et al., 1998). This suggests that, at this
stage, Bmp-7 expression is not limiting for Smad1 activa-
tion. The reduction of Smad1 phosphorylation in the em-
bryonic epiblast at the onset of primitive streak formation
is consistent with the disappearance of Bmp-4 and Bmp-7
expression at this stage (Streit et al., 1998), but the addi-
tional clearing of Smad1 phosphorylation at the site of
streak initiation, as well as the coincidence between elon-
gation of the streak along the anteroposterior axis and the
gradual inactivation of Smad1 in the entire area pellucida
raises the possibility of additional levels of regulation, such
as the synthesis of BMP antagonists within the forming and
elongating primitive streak.
By stage 3, after the formation of the streak, phospho-
Smad1 reappears in the entire area pellucida, except in the
primitive streak and Hensen’s node (Hamburger and Ham-
ilton 1951) (Figs. 2D and 2E). By stage 4, phosphoSmad1 is
not detected in the region surrounding Hensen’s node (Fig.
3A), described as the prospective neural plate (Bortier and
Vakaet, 1992). Since Smad1 phosphorylation is observed
throughout the entire area pellucida at stage 3, the absence
of phosphorylation around Hensen’s node at stage 4 results
from a second wave of Smad1 inactivation in the prospec-
tive neural plate at this stage, rather than simply the
maintenance of inactivation around Hensen’s node that we
observe at stage 2.
At these early stages, the pattern of Smad1 phosphoryla-
tion is not simply predicted from expression patterns of
BMP ligands; after the primitive streak has formed, expres-
sion of Bmp-2, Bmp-4, and Bmp-7 differs along the antero-
posterior axis of the chick embryo. By stage 4, Bmp-2 is
detected in the periphery of the embryo and in the primitive
streak (Schultheiss et al., 1997; Andre´e et al., 1998),
whereas Bmp-7 is expressed in the posterior primitive
streak and in the posterior lateral plate (Fig. 3C; see also
Vesque et al., 2000). Bmp-4 is expressed in Hensen’s node,
in the primitive folds, and in the periphery of the whole
embryo (Figs. 3B and 3B). At this stage, Noggin expression
is detected along the primitive folds, both in and anterior to
Hensen’s node. In Hensen’s node, Noggin is asymmetrically
FIG. 4. Whole-mount immunohistochemical detection of activated Smad1 on stage 5 embryo. (A) Dorsal view of embryo after detection
with anti-phosphoSmad1 antibodies. Smad1 is not phosphorylated in the neural plate. Note the high concentration of Smad1 activity in a
ring of cells located at the boundary between neural plate and nonneural ectoderm that give rise to the neural crest (nc). (A) Higher
magnification of the boxed area at level of Hensen’s node as indicated in (A). Black arrow shows the right-sided asymmetrical activation
of Smad1 in the Hensen’s node at this stage. (B) Paraffin cross section at level B, as indicated in (A), showing that Smad1 is differentially
activated in the three primary germ layers along the M-L axis. (B) Paraffin cross section at level B, as indicated in (A), of stage 5
whole-mount embryo after control immunohistochemical detection (minus anti-phosphoSmad1 primary antibody). (C) Paraffin cross
section at level C, as indicated in (A), showing activation of Smad1 both in and lateral to the primitive folds. Expression patterns of Bmp-4
(D), Bmp-7 (E), and Noggin (F) on stage 5 embryo. Bmp-4 is expressed at the periphery of the whole embryo, lateral to the Hensen’s node,
and at the anterior boundary between neural and nonneural ectoderm (see black arrow). Bmp-4 is also expressed in the primitive folds and
in Hensen’s node (D). Bmp-7 is expressed in the posterior primitive folds, in the lateral region of the posterior two-thirds of the primitive
streak, and lateral to the future neural plate. Note that Bmp-7 expression is not detected in the neural plate (E). Noggin expression is
restricted to Hensen’s node and the entire length of the notochord (F). (G) Whole-mount immunohistochemistry using anti-Smad1/5/8
antibodies on a stage 5 embryo. (H) Control whole-mount immunohistochemical detection (minus anti-Smad1/5/8 primary antibody) in a
stage 5 embryo. Hn, Hensen’s node; nc, neural crest; ecto, ectoderm; endo, endoderm; meso, mesoderm.
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expressed in the right side as reported for Chordin (Fig. 3D,
arrow; see also Streit et al., 1998; Streit and Stern, 1999a).
Taken together, these results show that the endogenous
pattern of BMP signaling during primitive streak formation
is temporally and spatially dynamic. While these results are
broadly consistent with the changes in Bmp-4 and Bmp-7
expression during this process, we find an exclusion of BMP
signaling in Hensen’s node at stage 4 that would not be
predicted from gene expression data, since both Bmp-4 and
its antagonists are expressed in this structure at the same
stage (compare Figs. 3B and 3B with Figs. 3D and 3D; see
also Streit et al., 1998; Streit and Stern, 1999a; Monsoro-
Burq and Le Douarin, 2000, 2001).
Dynamic Patterns of Smad1 Phosphorylation
during Head Process Stage in Chick Embryos
At the head process stage (Fig. 4A), activated-Smad1 is
strongly detected throughout the embryo but excluded from
an elliptical region centered over Hensen’s node corre-
sponding to the prospective neural plate (Hatada and Stern,
1994; Psychoyos and Stern, 1996). Cross-sections of this
embryo at level B, as indicated in Fig. 4A, reveal that, at this
axial level, phosphoSmad1 signal is detectable in the ecto-
derm and, at lower level, in the endoderm. PhosphoSmad1
signal is faintly detectable in the axial mesoderm (compare
Figs. 4B and 4B), suggesting that BMP activity may be
extinguished specifically in epiblast cells fated to become
mesoderm as they migrate through the streak. Lateral to the
prospective neural plate, Smad1 is phosphorylated in all
three primary germ layers (Fig. 4B), even though BMP
ligands are expressed only in the ectoderm and endoderm at
this stage (Schultheiss et al., 1997). This suggests that these
signals may propagate effectively between germ layers. In
addition, Smad1 phosphorylation is strong in a ring of cells
located at the boundary between neural plate and nonneural
ectoderm that will give rise to the neural crest (nc) (see
arrow in Fig. 4A). These observations suggest a role for
BMPs in regulating interactions between nonneural ecto-
derm and neural plate early in neural crest differentiation
FIG. 5. (A) Ventral view of a stage 7 embryo after immunohistochemical detection with anti-phosphoSmad1 antibodies. (B–E) Paraffin
cross-sections through the embryo at levels approximately indicated by transverse bars in (A). AIP, anterior intestinal portal.
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(Streit and Stern, 1999a; reviewed in LaBonne and Bronner-
Fraser, 1999). Within the primitive streak cells, the BMP
pathway is differentially activated along the anteroposterior
axis, with stronger Smad1 phosphorylation in the posterior
primitive folds (Figs. 4A and 4C). In addition, we find an
asymmetry in the activation of BMP signaling across the
left–right axis, as we observe Smad1 phosphorylation spe-
cifically on the right side of Hensen’s node (see arrow in Fig.
4A). This is consistent with previous results suggesting
that BMP signaling may act on the right side of the embryo
to antagonize the expression of left-side determinants such
as Sonic Hedgehog (Monsoro-Burq and Le Douarin, 2000,
2001). Posterior to the elliptical halo, Smad1 is activated
both in and lateral to the primitive folds (Fig. 4C).
The pattern of Smad1 activation reflects an interesting
composite of expression patterns of BMP ligands at this
stage. Expression of Bmps 2, 4, and 7 is excluded from the
prospective neural plate, consistent with the absence of
Smad1 phosphorylation there; Bmp-4 is expressed at high
levels in the anterior region of the neural/nonneural bound-
ary (see black arrow in Fig. 4D; see also Liem et al., 1995;
Schultheiss et al., 1997; Streit et al., 1998; Streit and Stern,
1999a), while Bmp-7 and Bmp-2 are primarily expressed in
the posterior primitive folds and in the nonneural ectoderm
surrounding the forming neural plate (Fig. 4E; see also Streit
et al., 1998; Monsoro-Burq and Le Douarin, 2000) consis-
tent with the phosphorylation of Smad1 that we observe in
these regions. The ring of enhanced Smad1 phosphorylation
at the neural/nonneural border extends 360 degrees; how-
ever, the ring of enhanced Bmp-4 expression at this border
is seen only through roughly the anterior 180 degrees
(compare Figs. 4A and 4D). This suggests that additional
regulators may be required to generate the full boundary
pattern observed. Moreover, Bmp-4, but neither Bmp-2 nor
Bmp-7, is expressed in Hensen’s node (compare Figs. 4D and
4E; see also Monsoro-Burq and Le Douarin, 2000, 2001).
Although we detect enhanced Smad1 phosphorylation on
the right side of Hensen’s node at this stage, we could not
detect asymmetric expression of Bmp-4 across the left–right
axis, which has been previously reported (Monsoro-Burq
and Le Douarin, 2000, 2001). As the asymmetric expression
of Bmp-4 in Hensen’s node has been reported to be detected
only from stage 5 to stage 7, this difference may simply
reflect our examination of Bmp-4 expression at a slightly
earlier stage embryo than was examined in the prior study.
Interestingly, at stage 5, levels of phosphorylated Smad1
are higher in the anterior streak than in the surrounding
prospective neural plate (Fig. 4A), similar to the expression
pattern of Smad1 at this stage (Monsoro-Burq and Le
Douarin, 2000). Examination of total Smad1/5/8 protein
levels by immunohistochemical analysis using anti-Smad1/
5/8 antibodies, however, indicates that Smad1/5/8 proteins
are ubiquitously distributed at this stage (Fig. 4G), suggest-
ing that the level of Smad protein is not limiting for BMP
signaling activation in the prospective neural plate. On the
other hand, Noggin and Chordin expression is strong in the
anterior primitive streak but absent in the surrounding
prospective neural plate (Fig. 4F; see also Streit et al., 1998;
Streit and Stern, 1999a). If BMP antagonists expressed in
Hensen’s node play a role in the inhibition of BMP signaling
in the neural plate, it remains to be explained how BMP
signaling within Hensen’s node escapes this inhibition.
Endogenous Patterns of Smad1 Phosphorylation in
Stage 7 Chick Embryos
At stage 7, Smad1 phosphorylation is strongly detected at
the periphery of the embryo, demarcating a halo that is
narrowed centrally, forming a peanut shape (Fig. 5A). In the
head fold, the phosphoSmad1 signal is strongest in the
margin of the anterior intestinal portal (AIP) (Figs. 5A and
5B). More posteriorly, Smad1 phosphorylation is faint in the
primitive groove but abruptly increases in lateral tissues in
all three germ layers (Fig. 5C). In the posterior two-thirds of
the embryo, Smad1 phosphorylation is strong throughout
all three germ layers, both in the primitive streak and
lateral to it (Figs. 5D and 5E).
Endogenous Patterns of Smad1 Phosphorylation in
Stage 8 Chick Embryos
By stage 8, Smad1 phosphorylation is detected in the
head fold, in the edges of the neural folds (nf), in the
prospective fore-, mid-, and hindbrain, and in all ectodermal
tissue lateral to these folds (Figs. 6A–6C). More posteriorly,
BMP signaling appears to be differentially activated along
the M-L axis, as Smad1 phosphorylation abruptly increases
lateral to the neural groove (ng) in all three germ layers
(Figs. 6D and 6D). Smad1 phosphorylation remains strong
throughout the caudal part of the embryo (Fig. 6E). At this
stage, Smad1 phosphorylation is not detected in the noto-
chord (Fig. 6D).
By stage 8, activated Smad1 is localized at the edges of the
neural folds in the posterior open neural tube; however,
Smad1 activity is partially down-regulated at the mesence-
phalic level when the neural tube is closed (see arrow in Fig.
6F). Smad1 activity is strong in the cardiac primordia and in
the AIP (see arrow in Fig. 6G). At this stage, we detect
strong but diffuse phosphoSmad1 staining within the
somites (so) (Fig. 6F).
Endogenous Patterns of Smad1 Phosphorylation in
Stage 10–11 Chick Embryos
At stage 10, Smad1 phosphorylation is activated in the
ventral part of the foregut endoderm (Fig. 7B), suggesting a
role for BMP signaling in the development and patterning of
the gastrointestinal tract. As a control for antibody speci-
ficity at later developmental stages, we examined endoge-
nous patterns of Activin-like signaling using anti-
phosphoSmad2 antibodies that specifically detect activated
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Smad2 in stage 10 chick embryos in Western blot analysis
(Fig. 1). Paraffin cross-sections done at the level of midbrain
reveal the absence of phosphoSmad2 staining in the ventral
foregut endoderm in contrast to the strong phosphoSmad1
staining that we detect in the same region (compare Figs. 7B
and 7C). Phosphorylated Smad2 is detected, however, in the
medial and dorsal regions of the foregut endoderm, where
Smad1 is not activated. Cross-sections at level D, as indi-
cated in Fig. 7A, indicate that when fusion of the heart tube
is complete, Smad1 is strongly phosphorylated throughout
the entire heart, both in endocardium and myocardium, as
well as in the underlying ventral foregut endoderm (Figs. 7D
and 7D). In addition, we observed enhanced Smad1 activa-
tion on the right side of the developing myocardium at stage
10, suggesting a continuing role for BMP signaling in
directing asymmetrical events later during heart develop-
ment. At this stage, Bmp-2 and Bmp-4 are no longer
detectable in the developing heart, whereas Bmp-7 is re-
ported to be expressed symmetrically through the heart
(Yamada et al., 1999). This suggests that factors other than
ligand expression may be responsible for asymmetric BMP
activity during cardiac development.
At stage 10, Smad1 phosphorylation is activated in the
lateral plate mesoderm (lpm), both in somatopleure and
splanchnopleure (Figs. 7E and 7F). Bmp-4 expression has not
been reported in the lateral plate mesoderm prior to stage
13, except in the most caudal region of the embryo (Wa-
tanabe and Le Douarin, 1996; Pourquie´ et al., 1996). This
suggests that additional BMPs induce Smad1 phosphoryla-
tion in the lateral plate mesoderm at stage 10. Interestingly,
Smad1 phosphorylation is not detected in the intermediate
mesoderm (im), which lies between segmented paraxial
mesoderm and lateral plate mesoderm, despite the strong
Bmp-4 expression reported in the intermediate mesoderm
(Pourquie´ et al., 1996). Furthermore, at stage 10, Smad1
phosphorylation is detected specifically within the lateral
part of the undifferentiated epithelial somite (Fig. 7F), even
though no BMP ligands have been reported to be expressed
in chick somites. If diffusion of BMPs from the lateral plate
mesoderm induces Smad1 phosphorylation within the lat-
eral somites as previously suggested (Pourquie´ et al., 1996),
it remains to be explained how the intermediate mesoderm
escapes this activation. Interestingly, Smad1 phosphoryla-
tion is undetectable in the unsegmented somite mesoderm
(usm) (see arrow in Fig. 7E), whereas it is activated in the
segmented somites, suggesting additional regulation of
BMP signaling at the onset of somite formation. In contrast
to patterns of Smad1 activation seen at this stage, Smad2
phosphorylation, monitored with anti-phosphoSmad2 anti-
body, is detected in the lateral plate mesoderm and the
adjacent ectoderm and endoderm but not in the epithelial
somite, the neural tube, or the notochord (Fig. 7G).
At stages 10/11, Smad1 is differentially phosphorylated in
three distinct regions across the developing neural tube
when examined in sagittal sections (Figs. 8A and 8A).
Posterior to the forebrain, Smad1 phosphorylation is strong
along the entire length of the dorsal neural tube (region 1 in
Fig. 8A) and entirely absent from the ventral neural tube
(region 3 in Fig. 8A). In the prospective forebrain (region 2
in Fig. 8A), an intermediate level of Smad1 phosphoryla-
tion is seen that is approximately equal between the dorsal
and the ventral portions of the forebrain. This observation
strongly supports a role for BMPs in D-V patterning of the
neural tube, and also suggests that regulation of BMP
signaling to a level intermediate between the dorsal and
ventral neural tube may be a defining feature of the most
anterior portion of the developing CNS.
In cross-sections at the axial level of the epithelial
somites, we find that activation of BMP signaling at stages
10–11 occurs specifically in the dorsal cells of the neural
tube (roof plate) as well as in the ectoderm cells surrounding
the tip of opened neural tube (see arrow in Fig. 7D). In vitro
recombination experiments have shown that the epidermal
ectoderm is the source of a signal that induces dorsal cell
differentiation (Dickinson et al., 1995; Liem et al., 1995;
Selleck and Bronner-Fraser, 1995). The presence of BMP
activity in the epidermal ectoderm is consistent with roles
for BMP signaling in the specification of the neural crest in
the dorsal neural tube. It is not clear which ligands regulate
BMP signaling in the neural tube. Bmp-4 expression is not
detectable in the neural tube or the neural folds from stages
11–13 (Watanabe and Le Douarin, 1996), suggesting that
additional BMP ligands may be expressed in the neural tube
at this stage. Paradoxically, the BMP inhibitor Noggin is
strongly expressed in the dorsal neural tube at stage 10 (data
not shown; see also Tonegawa and Takahashi, 1998; Smith
and Graham, 2001), where Smad1 phosphorylation is also
high. The coincidence of Noggin expression with a high
level of Smad1 activity in the neural tube suggests that
either expression of ligand(s) different from Bmp-4 exceed(s)
FIG. 6. Immunohistochemical detection of activated Smad1 on a stage 8 embryo. (A) Dorsal view of stage 8 embryos after detection with
anti-phosphoSmad1 antibodies. (B–E) Paraffin cross-sections through the embryo at levels approximately indicated by transverse bars in (A).
Note that Smad1 is strongly phosphorylated at the edges of the neural folds (nf) in the prospective fore-, mid-, and hindbrain (B, C). (D)
Higher magnification of area boxed in (D) showing the abrupt increase of Smad1 activity lateral to the neural groove (ng) in all three germ
layers. (D) PhosphoSmad1 is not detected in the notochord (no) at this stage. In the posterior two-thirds of the embryo, activated-Smad1 is
detected through and lateral to the primitive streak (E). (F) Dorsal view of stage 8 embryos detected with anti-phosphoSmad1 antibodies.
BMP signaling is partially down-regulated at the dorsal closure of the neural fold at the mesencephalic level as indicated by white arrow.
Note also the strong and diffuse phosphoSmad1 signal in the somite (so) at this stage. (G) Ventral view of the same embryo showing
activation of Smad1 in the cardiac primordia and in the AIP (see white arrow).
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Noggin expression to activate BMP signaling or that addi-
tional BMP ligands, that are not antagonized by Noggin,
maintain Smad1 activation in the dorsal neural tube. The
coincidence of localized Noggin expression with relatively
high BMP signaling, which is seen at several stages of
development, also raises the possibility that Noggin expres-
sion may be activated by BMP signals as previously sug-
gested (Amthor et al., 1999).
A complex pattern of Smad1 phosphorylation is seen in
the hindbrain at stage 11 (Fig. 9A). At this stage, Smad1 is
activated in the entire rhombomere 3 (R3) and at the
boundary between R2 and R3 (arrow 1) (Figs. 9A and 9B).
Smad1 is also activated in the entire R6 and at the boundary
between R5 and R6 (arrow 2) (Figs. 9A and 9D). However,
Smad1 phosphorylation is not detected in the ectoderm
flanking the neural tube at these rhombomere boundaries
(Figs. 9B and 9D). In contrast, Smad1 phosphorylation is not
detected in the dorsal neural tube at the level of R4, while
it is detected in the flanking ectoderm (Figs. 9A and 9C).
Neural crest cell outgrowth from the hindbrain is a discon-
tinuous process, punctuated by regions free of migrating
neural crest cells adjacent to R3 and R5 (Graham et al.,
1993; reviewed in Graham and Smith, 2001). The activation
of the BMP pathway at the R2/R3 boundary, as well as the
ability of recombinant BMP-4 protein to induce apoptosis
when added to R3 explants (Graham et al., 1994; Smith and
Graham, 2001) is consistent with an endogenous role for
BMP signaling in neural crest cell death at the R2/R3
boundary (Farlie et al., 1999). A second region free of
migrating neural crest is localized adjacent to R5 (Graham
et al., 1993; reviewed in Graham and Smith, 2001), and we
find phosphorylation of Smad1 at the R5/R6 boundary.
However, this neural crest cell-free zone adjacent to R5
does not result from death of premigratory neural crest
(Farlie et al., 1999). This suggests that BMP signaling at the
R5/R6 boundary is not regulating cell death, but may rather
have an additional role in regulating the discontinuous
migration of cranial crest cells.
Endogenous Patterns of Smad1 Phosphorylation in
Stage 12–14 Chick Embryos
At stage 11, Smad1 is differentially phosphorylated
within the rhombomeres of the hindbrain (Figs. 9). At stage
12, Smad1 phosphorylation is detected in the anterior
neural tube at the level of fore-, mid-, and hindbrain (data
not shown). At this stage, the pattern of Smad1 phosphor-
ylation changes dramatically in the somites during their
differentiation along the rostrocaudal axis (Fig. 10A). At
stage 12, Smad1 phosphorylation is observed in the lateral
part of the newly segmented somites (see arrow 1 in Fig.
10A); this activity progressively becomes medial in more
rostral somites (see arrow 2 in Fig. 10A). The dynamic
pattern of Smad1 phosphorylation in the somites is particu-
larly clear in a 23-somite embryo (Fig. 10B). Phosphorylated
Smad1 is detected both in the dorsal and ventral compart-
ments of the epithelial somite. However, Smad1 activity,
which is graded across the M-L axis, is undetectable in the
part of the somite adjacent to the ventral neural tube (Fig.
10C). Prior to sclerotome formation, Smad1 activity is
down-regulated in the ventromedial part of the epithelial
somite that differentiates into sclerotome (Figs. 10D and
10E). At a more rostral level, activated Smad1 is not
detected in the sclerotome; however, Smad1 is activated in
the dorsomedial lip of the dermomyotome in which the
myotome is starting to form (see arrow in Fig. 10F) and in
the dorsomedial developing myotome (see arrow in Fig.
10G). Surprisingly, the activation pattern of Smad1 during
somite formation and differentiation overlaps with the
expression pattern of the BMP antagonist Noggin, which is
initially expressed in the lateral epithelial somite and
subsequently in the dorsomedial dermomyotome (Hirsinger
et al., 1997; Marcelle et al., 1997; Tonegawa and Takahashi,
1998). This observation is consistent with the hypothesis
developed by Amthor et al. (1999), suggesting that Noggin
expression may be induced by BMP as part of a negative
feedback loop (also see below).
In the 23-somite embryo, Smad1 activity is homogenous
FIG. 7. Immunohistochemical detection of activated Smad1 on a stage 10 embryo. (A) Ventral view of immunohistochemistry after
detection with anti-phoshoSmad1 antibodies. (B) Paraffin cross-section at anterior level as indicated in (A), showing activation of Smad1
specifically in the ventral part of the foregut endoderm (fge). (C) Paraffin cross-section on a stage 10 embryo at approximately level B, as
indicated in (A), after detection with anti-phosphoSmad2 antibodies. Note that Smad2 is not activated in the ventral region of the foregut
endoderm (fge). Smad2 is activated, however, in the medial and dorsal foregut endoderm. (D) Paraffin cross-section at level D, as indicated
in (A), shows activation of BMP signaling in developing heart tube. (D) Higher magnification of the boxed area in (D) showing the enhanced
activation of Smad1 in the right side of the myocardium (myo) and endocardium (endo) at stage 10. Activated Smad1 is detected in the dorsal
cells of the opened neural tube as well as in the ectodermal cells covering the neural folds (see arrow). (E) Dorsal view of
immunohistochemistry detected with anti-phoshoSmad1 antibodies on whole-mount embryo. (F) Paraffin cross-section at level of
epithelial somite (es) as indicated in (E). The putative boundary between medial (M) and lateral (L) somitic domain is approximately
represented by the black line. Activated-Smad1 is restricted to the lateral region of the epithelial somite at stage 10. (G) Paraffin
cross-section at the level of epithelial somite after immunohistochemical detection with anti-phosphoSmad2 antibodies. Activation of
Smad2 is not detected in the epithelial somite. Neither phosphorylated Smad1 nor phosphorylated Smad2 is activated in the notochord (no)
at this stage. myo, myocardium; endo, endocardium; im, intermediate mesoderm; lpm, lateral plate mesoderm; usm, unsegmented somite
mesoderm.
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in the dorsal neural tube along the rostrocaudal axis, even at
more caudal levels (Figs. 10B–10G; and data not shown).
While Noggin is strongly expressed in the dorsal neural tube
in the 10-somite embryo (data not shown; see also
Tonegawa and Takahashi, 1998; Smith and Graham, 2001),
its expression is progressively down-regulated in the neural
tube rostrocaudally in the 20-somite embryo (Sela-
Donenfeld and Kalcheim, 2000); Noggin is down-regulated
in the neural tube adjacent to the differentiated somites
where neural crest emigration begins (Sela-Donenfeld and
Kalcheim, 1999, 2000). The homogenous activation of BMP
signaling that we observe at stage 14 in the dorsal neural
tube along the rostrocaudal axis does not appear consistent
with the proposal of Kalcheim and coworker that initial
emigration of neural crest from the neural tube is regulated
by levels of BMP activity (Sela-Donenfeld and Kalcheim,
1999).
We also observe a dynamic pattern of BMP signaling in
the notochord at stage 14. Before stage 14, phosphorylated
Smad1 is undetectable in the notochord. At stage 14, Smad1
is phosphorylated in the notochord at the axial level of the
last segmented somites (Fig. 10C); phosphoSmad1 in the
notochord gradually decreases at the axial level of the last
differentiated somites (Figs. 10D and 10E) to finally become
undetectable in this structure at the level of more rostral
somites (Figs. 10F and 10G). It is particularly surprising that
phosphoSmad1 is detected in the notochord; Bmp-4 and
Bmp-2 are not expressed in the chick notochord during
these development stages. While Dale et al. (1999) have
reported the expression of Bmp-7 in the notochord at stage
6, this is long before the appearance of phosphoSmad1
signal reported here, and Vesque et al. (2000) have reported
an absence of Bmp-7 expression in the notochord subse-
quent to stage 6. The ligand responsible for Smad1 phos-
phorylation in the stage 14 notochord is therefore unclear.
We also find that phosphorylation of Smad1 is strongest in
the ventral notochord (Figs. 10C–10E); the significance of
this differential activation of BMP along the D-V axis in the
notochord remains to be elucidated.
DISCUSSION
BMP signaling has been suggested to play multiple cru-
cial roles during development (Hogan, 1996). In chick, most
of the evidence for this comes from examination of BMP
expression patterns and from ectopic activation of BMP
signaling either by retrovirally mediated overexpression of
BMP pathway components or by addition of BMP-soaked
beads to undifferentiated tissues. But these experiments do
not address where, when, and at what level BMP signaling
is endogenously activated during development. To improve
our understanding of how BMPs pattern embryos, we have
examined when and where the BMP signaling pathway is
endogenously activated in developing chick embryos. It
should be noted that, as with most other techniques for
molecular detection in situ, the absence of histochemical
signal cannot demonstrate a complete absence of BMP
signaling, but rather only demonstrates that signaling levels
are below a level required for detection. Similarly, as it is
problematic to establish linearity of signal detection in situ,
differences in staining intensities provide only a qualita-
tive, rather than quantitative estimate of levels of BMP
signaling. Nevertheless, in situ histochemical analysis pro-
vides new evidence for the highly localized and dynamic
regulation of BMP signaling during early development.
BMP Signaling in Primitive Streak Formation and
Elongation along the Anteroposterior Axis
In this paper, we report inhibition of BMP signaling
during primitive streak initiation and elongation along the
anteroposterior axis in gastrula-stage chick embryo. BMP
signaling has been implicated as playing a critical role in
patterning of the gastrula embryo in a range of vertebrates
model systems (Graff, 1997; Hild et al., 2000; Goumans and
Mummery, 2000; Hogan et al., 1994; Hogan, 1996). In
chick, ectopic application of BMP-4 at prestreak stages
blocks primitive streak formation, while ectopic applica-
tion of BMP inhibitors, such as Chordin and Noggin, is
sufficient to induce an ectopic primitive streak (Streit et al.,
1998; Streit and Stern, 1999a). Consistent with these data,
we find that endogenous BMP signaling is inactivated at the
initiation site of primitive streak in the posterior embry-
onic epiblast (Figs. 2A–2C). BMP inactivation in the form-
ing streak may result from expression of a BMP antagonist
such as Chordin, which is expressed at the caudal margin of
the area pellucida before streak formation (Streit et al.,
1998). BMP signaling is gradually inactivated in the entire
embryonic epiblast as the streak elongates along the antero-
posterior axis at stages 2–3 (Figs. 2B and 2C), consistent
with expression of BMP antagonists in the anterior primi-
FIG. 8. (A) Paraffin sagittal section performed on a stage 10–11 chick embryo after detection with anti-phosphoSmad1 antibodies. (A)
Higher magnification of boxed area in (A) at the level of fore-, mid-, and hindbrain.
FIG. 9. (A) Higher magnification of a stage 11 head embryo detected with anti-phosphoSmad1 antibodies. The numbers from 1 to 6
indicate the positions of the rhombomeres. (B–D) Paraffin cross-sections at rhombencephalic level as indicated by transverse bars in (A) after
anti-phosphoSmad1 staining. Note the dynamic patterns of Smad1 phosphorylation in the neural tube and its adjacent ectoderm at level
of rhombomeres. Black arrows 1 and 2 in (A), respectively, mark the position of the boundary between R2/R3 and R5/R6. Note also the
asymmetric activation of Smad1 on the right side of the ventral foregut endoderm in (D). R2, rhombomere 2; R3, rhombomere 3; R5,
rhombomere 5; R6, rhombomere 6.
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tive streak at these stages (Streit et al., 1998; Streit and
Stern, 1999a). However, we observe a transient reactivation
of BMP signaling throughout the embryonic epiblast by
stage 3 (Figs. 2D and 2E), in spite of the unmodified
expression of BMP antagonists in the Hensen’s node. While
the functional significance of this transient reactivation is
not clear, this observation indicates that the full temporal
complexity of BMP signaling in the prospective streak has
not been recapitulated by experiments with implanted
BMPs or BMP inhibitors done to date.
BMP Signaling and Neural Induction
Experiments in Xenopus have implicated inhibition of
BMP signaling in the specification of the neural plate, and
BMP inhibitors expressed in Spemann’s organizer are
thought to be major components of this inhibition (re-
viewed in Graff, 1997 and Weinstein and Hemmati-
Brivanlou, 1999). Recently, however, Stern and coworkers
have argued that the role of BMP signaling in neural
specification may be more complicated than has previously
been proposed by work in Xenopus (review in LaBonne and
Bronner-Fraser, 1999; Streit and Stern, 1999c; Harland,
2000). In chick, ectopic application of BMP inhibitors is not
sufficient to induce neural tissue (Streit et al., 1998; Streit
and Stern, 1999b). In addition, ectopic application of BMP-4
or BMP-7 is not sufficient to block endogenous neural
specification, although BMP-4 can suppress neural induc-
tion in explanted tissue (Streit et al., 1998). Recent work
has shown that neural specification begins before streak
formation, as early as stages XI–XII (Wilson et al., 2000). We
find that, at these early stages, BMP signaling is active
throughout the epiblast (Fig. 2A), consistent with the idea
that inhibition of BMP signaling is not the initiating event
in neural specification. We do find, however, a striking
inhibition of BMP signaling in the region surrounding the
Hensen’s node by stage 4 (Fig. 3A), demonstrated by fate
mapping experiments to be the prospective neural plate
(Bortier and Vakaet, 1992). This inactivation is even more
dramatic at stage 5, as the BMP signaling is inactivated in
the entire neural plate (Fig. 4A). While these endogenous
signaling patterns do not in themselves prove a causative
role in neural specification, they strongly suggest that
inhibition of BMP signaling may be important at multiple
distinct stages of neural plate development.
By stage 5, we observe a general clearing of BMP signaling
around Hensen’s node; we also find, however, a residual
phosphoSmad1 signal in the node that is distinctly stronger
on the right hand side (Figs. 4A and 4A). Chick homologues
of several BMP antagonists have been identified, but the
relationship of these antagonists to BMP signaling in the
prospective neural plate is not entirely clear. Although the
subsequent expression of Noggin and Chordin in the node is
broadly consistent with the clearing of BMP signaling in
surrounding anterior tissue (compare Figs. 3A and 3D;
compare Figs. 4A and 4F; see also Streit et al., 1998; Streit
and Stern, 1999a), it is striking that a region of Smad1
phosphorylation remains in the anterior streak itself at
stage 5 (Fig. 4A) immediately adjacent to the center of
Noggin and Chordin expression in the node. Thus, if
Noggin and/or Chordin are responsible for inhibition of
BMP signaling in the neural plate, this observation suggests
that either Noggin/Chordin-insensitive ligands may be ex-
pressed in the anterior streak to locally maintain BMP
signaling, or that expression of these antagonists is not
sufficient to inhibit BMP signaling in the neural plate.
Additional factors may contribute to the down-regulation
of the BMP pathway in neural tissue. FGF signaling has also
been proposed to play a role in specification of neural tissue
(Wilson et al., 2000), and it will be interesting to examine
whether manipulation of FGF signaling alters the BMP
signaling patterns observed at different stages of neural
plate specification.
BMP Signaling in Notochord and Somite
Patterning
In this paper, we report activation of BMP signaling in the
notochord at stage 14. Neither Bmp-2 nor Bmp-4 is ex-
pressed in or around the notochord, and the expression of
other ligands that might be expressed in the notochord
remains to be clarified (Dale et al., 1999; Vesque et al.,
2000). It seems unlikely, however, that Smad1 phosphory-
lation in the notochord is due to a diffusible signal, since
FIG. 10. (A) Whole-mount immunohistochemistry with anti-phosphoSmad1 antibodies on a stage 12 embryo. Dorsal view. Note the
dynamic patterns of Smad1 phosphorylation within the somites during their differentiation along the rostrocaudal axis. Activated-Smad1
is localized in the lateral part of the newly segmented somites (see arrow 1) and becomes medial in more rostral somite (see arrow 2). (B)
Whole-mount immunohistochemistry with anti-phosphoSmad1 antibodies on a 23-somite-stage embryo. (C–G) Paraffin cross-sections
along the anteroposterior axis as indicated in (B). (C) In the undifferentiated caudal somite, Smad1 is activated both in the dorsal and ventral
parts of the epithelial somite as well as in the notochord (no). (D) At the onset of somite differentiation, BMP signaling is down-regulated
in the ventral somite, whereas it remains activated in the notochord (no). Note that Smad1 phosphorylation is stronger in the ventral side
of the notochord. (E) More anteriorly, Smad1 activity decreases in the notochord. (F) In the differentiated somite, activated Smad1 is
restricted to the dorsomedial lip of the dermomyotome (see arrow). (G) After myotome formation is completed, activated Smad1 is localized
in the dorsomedial region of the developing somite (see arrow). Smad1 is activated in the nephric duct (nd), whereas it is not activated in
the surrounding nephrogenous mesenchyme. Note also the Smad1 phosphorylation in the dorsal aorta at stage 14 (C–E). da, dorsal aorta;
nm, nephrogenous mesenchyme; derm, dermomyotome; scl, sclerotome.
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BMP signaling is inactive in all tissues surrounding the
notochord at stage 14 (i.e., ventral somite, ventral neural
tube, and endoderm underlying the notochord) (Fig. 10). It is
possible, however, that the local activation of BMP signal-
ing in the notochord is mediated by ligands that are insen-
sitive to inhibitors responsible for clearing of BMP signaling
in adjacent tissue. Alternatively, a locally expressed antag-
onist of BMP antagonists in the notochord might permit
BMP signaling there; the expression of a tolloid-like pro-
tease, a potential antagonist of Chordin, in the notochord at
this stage may be significant in this regard (Marti, 2000;
Liaubet et al., 2000).
The presence of high BMP activity in the notochord is
surprising with respect to the proposed roles for the noto-
chord in somite patterning. Previous experiments have
shown that grafts from BMP-4-expressing cells placed be-
tween the neural tube and the paraxial mesoderm lead to a
strong down-regulation of sclerotome-specific genes, sug-
gesting that BMP signaling must be inactivated to allow
ventral somitic cells to differentiate toward a sclerotomal
cell fate (Hirsinger et al., 1997). Consistent with these data,
we observe a down-regulation of BMP activity in the ventral
somites before their differentiation into sclerotome (Fig.
10). Somite patterning along the D-V axis is controlled by
the ventral neural tube and notochord, which promote
ventral sclerotomal differentiation (Brand-Saberi et al.,
1993). Evidence suggests that the notochord is a source of
BMP inhibition in the D-V patterning of somites via the
Sonic Hedgehog pathway (Brand-Saberi et al., 1993; Fan and
Tessier-Lavigne, 1994). In light of this hypothesis, it is
particularly surprising that Smad1 phosphorylation is high
in the notochord directly adjacent to caudal somites that
have not yet differentiated into sclerotome (Figs. 10C and
10D). If the notochord indeed antagonizes BMP activity in
ventral somite to allow sclerotomal specification, it re-
mains to be explained how the notochord itself escapes this
inhibition.
The presence of BMP activity in the medial dermomyo-
tome and myotome is surprising with respect to epaxial
muscle differentiation. Myogenesis is first observed in the
myotome, which derives from medial dermomyotome pre-
cursors (Ordahl and Le Douarin, 1992). Myotomal precur-
sors are maintained in an undifferentiated state marked by
proliferation and Pax-3 expression. At the onset of myo-
genic differentiation, cells at the edges of the dermomyo-
tome migrate medially through the dorsomedial lip of the
dermomyotome to form the myotome, a sheet of differen-
tiated muscle cells that express MyoD and Myf5 (Ott et al.,
1991; Barth and Ivarie, 1994; Pownall and Emerson, 1992)
and simultaneously down-regulate Pax-3 (Williams and
Ordahl, 1994; Marcelle et al., 1995). The balance between
the proliferation and the differentiation of muscle precur-
sors is regulated by BMP activity. Previous studies have
reported that lateral plate mesoderm produces a diffusible
factor that maintains Pax-3 expression and inhibits expres-
sion of MyoD and Myf5 in the lateral part of the somite
(Pourquie´ et al., 1995). Bmp-4 is expressed in the lateral
plate mesoderm during somite differentiation, and implan-
tation of cells expressing BMP-4 between the neural tube
and the paraxial mesoderm induces Pax-3 and the lateral
dermomyotome marker cSim-1 in the medial region of the
dermomyotome (Pourquie´ et al., 1996). This suggests the
existence of an endogenous BMP antagonistic signal that
prevents expression of cSim-1 in the medial dermomyo-
tome. In addition, grafts of cells expressing Noggin near the
lateral somite down-regulate lateral markers such as Pax-3
and cSim-1 and up-regulate MyoD in the lateral somite
(Hirsinger et al., 1997; Reshef et al., 1998). Noggin is
expressed in the dorsomedial lip of the dermomyotome
(Hirsinger et al., 1997; Marcelle et al., 1997; Tonegawa and
Takahashi, 1998; Reshef et al., 1998), consistent with a role
for Noggin in antagonizing BMP signals in the medial
somite. Together, these results suggest a model in which
antagonism between a medializing-Noggin signal and a
lateralizing-BMP signal patterns the somites along the M-L
axis (Pourquie´ et al., 1996; Hirsinger et al., 1997; Reshef et
al., 1998). Consistent with this model, ectopic expression of
BMP-4 between axial and paraxial tissues blocks expression
of MyoD in the somites (Pourquie´ et al., 1996), suggesting
that inactivation of BMP signaling in the medial dermo-
myotome may be required to allow initiation of the myo-
genic program.
While ectopic manipulation of BMP signaling has sug-
gested a role for BMPs in somite patterning (Pourquie´ et al.,
1996; Hirsinger et al., 1997; Marcelle et al., 1997; Tonegawa
and Takahashi, 1998; Reshef et al., 1998), our observations
suggest that this role is more complex than has previously
been recognized, in that BMP activity moves medially in
the most rostral somites. We find activation of the BMP
pathway in the medial lip of the dermomyotome (Fig. 10F)
and in the dorsomedial myotome in more mature somites
(Fig. 10E). The presence of BMP activity in the dorsomedial
region of the somite is surprising for several reasons. First,
we find activation of BMP signaling in the dorsomedial
mature somite, where MyoD is endogenously expressed.
This is surprising because exogenous BMP-4 inhibits MyoD
expression (Pourquie´ et al., 1996), although more recent
work has also shown that application of BMP-4 can stimu-
late proliferation of muscle precursors, leading to enhanced
MyoD expression and myogenic differentiation (Amthor et
al., 1999). It is possible that endogenous BMP activity in the
dorsomedial region of the somite is low in comparison to
what can be achieved with implanted BMP-4 beads, and this
endogenous activity is not sufficient to down-regulate
MyoD. In this model, the dose of BMP activity may be a
critical determinant of effects on somitic differentiation; it
is also possible that timing of signaling is critical. BMP-4
can induce expression of its antagonist Noggin (Amthor et
al., 1999), and the function of Noggin in regulating the
onset of MyoD expression during somite differentiation is
well described (Hirsinger et al., 1997; Marcelle et al., 1997;
Reshef et al., 1998). It may therefore be that Noggin
expression is up-regulated as part of a negative feedback
loop downstream of BMP signaling, and this BMP signaling-
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dependent Noggin expression is subsequently important for
timing the onset of MyoD expression. In this model, the
coincidence of active BMP signaling and Noggin mRNA in
the dorsomedial differentiated somite may be because: (i)
Noggin accumulates to active levels only significantly after
its mRNA is first expressed (suggesting a delay between
expression of Noggin mRNA and inactivation of BMP
signaling), (ii) the BMP ligands inducing Noggin mRNA are
insensitive to Noggin protein, (iii) Noggin is acting only
distal to the site of its expression on other Noggin-sensitive
ligands, or (iv) Noggin acts to fine-tune the level of BMP
signaling to a dose that specifies MyoD expression, rather
than simply blocking BMPs. Further work will be impor-
tant to distinguish among these possibilities.
BMP Ligands, Antagonists, and the Localized
Activation of BMP Signaling during Embryogenesis
Models for where and when BMPs signal during develop-
ment have in the past been based primarily on inferences
from the pattern of expression of BMP ligands and their
inhibitors. While our examination of phosphoSmad1 levels
during chick development confirms that, in most instances,
patterns of Smad1 activation are broadly consistent with
the expression of ligands and inhibitors, two types of
exceptions to this consistency emerge from our work. First,
at several points in early chick embryogenesis, Smad1
activation is detected when the known BMP ligands are not
expressed. This is observed in the notochord at stage 14 and
in the somites as soon as stage 10. While a large number of
vertebrate BMP ligands have been identified, their expres-
sion and role in embryogenesis have not been systemati-
cally examined. Our observations indicate that the ligands
studied to date are not sufficient to fully explain endoge-
nous patterns of BMP signaling. Second, at several develop-
mental stages in chick, the BMP antagonist Noggin is
clearly localized to a region of Smad1 activation. This is
observed in Hensen’s node at stage 5, in the dorsal neural
tube at stage 10, and in the dorsomedial differentiated
somite at stage 14. This is not consistent with the simple
equation of Noggin expression with BMP antagonism. One
explanation for the colocalization of BMP signal activation
and Noggin expression is that Noggin is activated down-
stream of BMP signaling as part of a negative feedback loop.
If so, however, this feedback loop is clearly restricted by
additional mechanisms to only a small subset of the cell
types in which BMP signaling is activated, as Noggin
expression is not generally correlated with BMP signaling
during development. The fact that Smad1 phosphorylation
and Noggin expression can persist in the same set of cells
also suggests that there are ligands present in these regions
that are resistant to Noggin inhibition.
The complex networks of BMP ligands, antagonists, and
antagonists of antagonists is well established; our findings
indicate that direct examination of endogenous patterns of
intracellular responses to BMPs will be an important tool
for understanding how these complex networks interact in
vivo to generate embryonic pattern in chick.
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